Abstract: Magnetically sensitive shape memory poly(styrene-b-butadiene-b-styrene) copolymer (SBS)/liner low density polyethylene (LLDPE) composites filled with various contents of Fe 3 O 4 nanoparticles were prepared. The influence of the Fe 3 O 4 nanoparticles content on the thermal properties, mechanical properties, fracture morphology, magnetic behavior, and shape memory effect of SBS/LLDPE/Fe 3 O 4 composites was systematically studied in this paper. The results indicated that homogeneously dispersed Fe 3 O 4 nanoparticles ensured the uniform heat generation and transfer in the alternating magnetic field, and endowed the SBS/LLDPE/Fe 3 O 4 composites with an excellent magnetically responsive shape memory effect. When the shape memory composites were in the alternating magnetic field (f = 60 kHz, H = 21.21 kA·m −1 ), the best shape recovery ratio reached 99%, the shape retention ratio reached 99.4%, and the shape recovery speed increased significantly with the increment of Fe 3 O 4 nanoparticles. It is anticipated that tagging products with this novel shape memory composite is helpful for the purpose of an intravascular delivery system in Micro-Electro-Mechanical System (MEMS) devices.
Introduction
Shape memory polymers (SMPs) are a kind of material that can perceive external stimuli (heat, light, electric field, magnetic field, pH, specific ions and enzymes) and make a corresponding stimulation to the appropriate stimulus [1] [2] [3] [4] [5] [6] [7] [8] [9] . These SMPs have attracted more and more attention due to a wide range of applications, including smart textiles and apparel, heat shrinkable packaging, intelligent biomedical materials and self-deployable structures in spacecrafts [10] [11] [12] [13] [14] . In the present study, the thermally activated SMPs are the most common. The basic mechanism of shape recovery can be attributed to the "shrinkage" of oriented, extended chains triggered by melting or glass transition [15] . However, the thermally activated SMPs will not be allowed for certain attractive applications where the temperature is not easy to obtain. Therefore, it is very necessary to design the remote control of SMPs. In fact, a couple of remote triggering methods, including light and an alternating magnetic field, have been developed to achieve the noncontact activation of the shape memory effect [16] . In addition, these remote-activated SMPs have attracted a great deal of interest recently. This paper is mainly focused on the magnetically sensitive SMPs.
To date, one of the immediate methods is using magnetically responsive fillers to fill the SMPs to prepare the magnetic active shape memory polymer composites. Additionally, the most commonly used nano-fillers are Fe 3 O 4 nanoparticles. Yakacki et al. [17] filled methacrylate-based thermoset SMPs with Fe 3 O 4 nanoparticles (1-2.5 wt %) to prepare shape memory polymer composites for remote activation and investigated the shape memory behavior of the composites. The results showed that increasing Fe 3 O 4 concentrations led to the decrease of the glass transition temperature and rubbery modulus. The low crosslinking degree of networks and high magnetite concentrations showed a significant amount of irrecoverable strain. Cai et al. [18] synthesized and studied the properties of magnetically sensitive shape memory Fe 3 O 4 /Poly(ε-caprolactone)-polyurethane nanocomposites. It is shown that with increasing the content of Fe 3 O 4 nanoparticles, the shape memory properties of the nanocomposites in an alternating magnetic field increased and the best recovery rate reached 97%. They pointed out that this composite can be used for biomedical applications. Kokate et al. reported that poly(3,4-ethylene dioxythiophene)/Fe 3 O 4 composites can be useful for information storage applications [19] . They also studied the performance of the composites and found that the thermal stability and saturation magnetization of the composites increased with the increase in Fe 3 O 4 content.
In this paper, we synthesized the nano-Fe 3 O 4 particles to fill the shape memory poly(styrene-b-butadiene-b-styrene) copolymer (SBS)/liner low density polyethylene (LLDPE) blends, and prepared the magnetically sensitive shape memory SBS/LLDPE/Fe 3 O 4 composites. The novel magnetically sensitive shape memory polymer composite is simple to fabricate and easy to design to achieve good shape memory properties. The shape memory blend consists of two components, one is SBS and other is LLDPE. The LLDPE is the most commonly used plastic and is often used in blends for balanced mechanical properties and processability. SBS has the mechanical properties of a vulcanized rubber and the processability of a thermoplastic. In addition, the nonpolar nature of the SBS plus the presence of double bonds and aromatic rings in the chains are expected to improve the interaction of the polymer with the LLDPE. Furthermore, the LLDPE acts as a reversible phase, and SBS and crosslinking networks between the SBS and LLDPE act as a fixed phase. The shape memory polymer composites were studied for their structural, micro-structural, thermal, optical and magnetic properties by using various characterization techniques.
Experimental

Materials
SBS (PS:PB = 30/70, YH-791) with a density of 0.93 g/cm 3 , M n = 1.46 × 10 5 and M w /M n = 1.09, was purchased from Balin Petrolem Chemical Corporation, Sinopec Group, Yueyang, China. LLDPE (DGM-1820) with a density of 0.92 g/cm 3 and a melt flow rate (MFR) of 1.6 g/10 min was manufactured by Tianjin Petro-Chemical Corp, Tianjin, China. Benzene (99%) and acetone (99.5%) were received from Acros (Shanghai, China). Ferric chloride (FeCl 3 ·6H 2 O) and sodium acetate (NaAc) were purchased from local agent companies (Yuhua Xi'an biological science and Technology Co., Ltd., Xi'an, China). These materials were used without further purification.
Preparation of Fe 3 O 4 Nanoparticles
The synthesis of magnetite nanoparticles was performed by precipitating iron salts ( 
Sample Irradiation
The specimens were placed in polyethylene sample bags and were irradiated at 100 kGy by 60Co γ-rays under vacuum (10 −3 torr) at 20 to 30 • C at a dose rate of 1 Gy/s. The dose range of 100 kGy was selected based on our previous work [22] .
Experimental Methods
Mechanical properties. In order to investigate the influence of Fe 3 O 4 nanoparticles contents on the mechanical properties of Fe 3 O 4 /SBS/LLDPE composites, tensile tests at room temperature were performed with a SANS tester (Shenzhen SANS Material Test Instrument Co. Ltd., Shenzhen, China) according to ASTM D412. The strain rate was 2 mm·min −1 .
DSC. To explore the influence of the Fe 3 O 4 nanoparticles contents on thermal properties, the thermal properties of the SMPs were analyzed by differential scanning calorimetry (DSC) conducted on a DSC Pyris 1(Perkin Elmer, ltham city, MA, USA). The samples of about 5.0 mg were heated from 0 to 130 • C at a constant rate of 10 • C·min −1 and then passed through a cooling cycle with the same rate, and T m s were determined by this step.
DMA. A dynamic mechanical analyzer was used to obtain the storage modulus of the Fe 3 O 4 /SBS/LLDPE composites. Dynamic mechanical analysis (DMA) was carried out in tensile loading mode using a DMA Q800 (TA Instruments, New Castle, DE, USA) to determine the thermo-mechanical properties. The samples were cut to dimensions of 2 × 12 × 30 mm 3 and the edges of the samples were wet sanded with 600 grit sandpapers. And the single cantilever clamping fixture (TA Instruments, New Castle, DE, USA) was used with amplitude of 10 µm, a frequency of 1 Hz. The temperature was ramped from −20 to 130 • C at a rate of 3 • C/min. TEM and SEM. The particle size and morphology were characterized by the Transmission electron microscopy (TEM, Hitachi, H-600, Tokyo, Japan) and scanning electron microscope (SEM, INCA X-ACT, Tescan, Brno, Czech Republic). The Fe 3 O 4 /SBS/LLDPE composites were frozen in liquid nitrogen for 30 min, and then fractured quickly. The broken surfaces were sputter coated with a gold layer and observed with SEM.
Shape memory properties of Fe 3 O 4 /SBS/LLDPE composites. The shape memory properties of Fe 3 O 4 /SBS/LLDPE composites were investigated by a method called fold-deploy shape memory test [23] . According to this method, the shape memory properties could be obtained by recording the bending angle. The specimens of 50 × 10 × 2 mm 3 (length × width × thickness) were folded at 110 • C followed by quenching into an ice-water bath. The folded samples were reheated at 110 • C or placed into an alternating magnetic field (f = 60 kHz) (GP-25 ultra-audio frequency induction heating equipment, Shannxi, China) to recover its original shape. The shape memory test of all samples was repeated for three times. The shape recovery process was recorded by using a digital camera (Canon Corporation, Tokyo, Japan). The changed angles of specimens were recorded; θ f was the angle of the folded samples after being exposed to room temperature for 5 min, and θ r was the final angle after one shape recovery process. The shape retention rate (R f ) and shape recovery rate (R r ) were calculated using Equations (1) and (2) .
Results and Discussion
Characteristics of the Fe 3 O 4 Nanoparticles
Fe 3 O 4 nanoparticles were prepared through the solvothermal method, and the morphology of Fe 3 O 4 nanoparticles was characterized by TEM and SEM. As can be seen from Figure 1 , the Fe 3 O 4 nanoparticles have a spherical shape with a rough surface and a relatively uniform size of around 350 nm. The magnetic response curve of Fe 3 O 4 nanoparticles is shown in Figure 2 . From the curve, it can be found that the magnetic response of prepared Fe 3 O 4 nanoparticles was 80 emu/g. This meets the requirements to prepare the magnetically controlled shape memory polymer composite.
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The SEM of Fe3O4/SBS/LLDPE Composites
To show the distribution of nanoparticles in a polymer matrix of a dry state, SEM was used to investigate the fracture surfaces. Figure 4 showed that the Fe3O4 nanoparticles were uniformly dispersed in the SBS/LLDPE blends when the Fe3O4 nanoparticle content was less than 13.5 wt %. However, a higher Fe3O4 nanoparticle content (w > 13.5%) caused a serious nanoparticle aggregation, and this may be the reason for the decline of the mechanical properties of the composite, as shown in Figure 3 . 
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Thermal Analysis of Fe3O4/SBS/LLDPE Composites
The influence of Fe3O4 nanoparticle contents on the thermal properties of Fe3O4/SBS/LLDPE composites was investigated by DSC and DMA. From Figure 5 , it can be found that the melting temperatures of Fe3O4/SBS/LLDPE composites were not significantly affected by the incorporation of Fe3O4 nanoparticles. Usually, a good shape memory composite should have a large change of the storage modulus (E') for more than two to three orders below and above the shape memory transition temperature [24] . Figure 6 illustrates that the storage moduli of the Fe3O4/SBS/LLDPE composites below the shape memory transition temperature are about two orders of magnitude larger than that above the shape memory transition temperature, which means that the Fe3O4/SBS/LLDPE composites meet the above requirements. The curves also reveal that the glassy/rubbery moduli exhibited a systematic increase with the Fe3O4 nanoparticles' weight fraction. It indicates that the incorporation of Fe3O4 nanoparticles reinforces the SMPs. The storage moduli of all samples decrease slowly along with temperatures increasing, and then descend abruptly when the temperature rises to about 110 °C, which is attributed to the melting of the semi-crystalline SBS/LDPE matrix. 
Magnetically Induced Shape Recovery of Fe3O4/SBS/LLDPE Composites
The effect of the magnetic field intensity on the shape memory of the Fe3O4/SBS/LLDPE composites was analyzed to choose the optimal magnetic field intensity. The SBS/LLDPE composite with 13.5 wt % Fe3O4 nanoparticles was chosen to test the shape memory behavior of the composite in different magnetic field intensities (H = 7.07, 14.14, 21.21, 28.28, and 35.36 kA•m −1 ). Figure 7 indicates that in a Usually, a good shape memory composite should have a large change of the storage modulus (E') for more than two to three orders below and above the shape memory transition temperature [24] . Figure 6 illustrates that the storage moduli of the Fe 3 O 4 /SBS/LLDPE composites below the shape memory transition temperature are about two orders of magnitude larger than that above the shape memory transition temperature, which means that the Fe 3 O 4 /SBS/LLDPE composites meet the above requirements. The curves also reveal that the glassy/rubbery moduli exhibited a systematic increase with the Fe 3 O 4 nanoparticles' weight fraction. It indicates that the incorporation of Fe 3 O 4 nanoparticles reinforces the SMPs. The storage moduli of all samples decrease slowly along with temperatures increasing, and then descend abruptly when the temperature rises to about 110 • C, which is attributed to the melting of the semi-crystalline SBS/LDPE matrix.
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Conclusions
The magnetically responsive shape memory SBS/LLDPE composites with various contents of Fe 3 O 4 nanoparticles were successfully synthesized. This kind of composite exhibited excellent mechanical properties, as well as an excellent thermal-mechanical performance and shape memory behavior in an alternating magnetic field. With the increasing percentage of Fe 3 O 4 nanoparticles, the shape recovery time decreased, and the shape retention rate and shape recovery rate increased. It is expected that this demonstration will stimulate further work on the development of SMP materials for their practical applications.
